
lable at ScienceDirect

Environmental Pollution 220 (2017) 616e624
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Benzotriazole UV 328 and UV-P showed distinct antiandrogenic
activity upon human CYP3A4-mediated biotransformation*

Shulin Zhuang a, b, *, Xuan Lv a, c, Liumeng Pan a, Liping Lu a, Zhiwei Ge a, Jiaying Wang a,
Jingpeng Wang a, Jinsong Liu d, Weiping Liu a, Chunlong Zhang e, **

a Institute of Environmental Science, College of Environmental and Resource Sciences, Zhejiang University, Hangzhou 310058, China
b Key Laboratory of Health Risk Factors for Seafood of Zhejiang Province, Zhoushan 316022, China
c Guangzhou Key Laboratory of Environmental Exposure and Health, School of Environment, Jinan University, Guangzhou 510632, China
d Zhejiang Province Environmental Monitoring Center, Hangzhou 310005, China
e Department of Biological and Environmental Sciences, University of Houston-Clear Lake, 2700 Bay Area Blvd., Houston, TX 77058, USA
a r t i c l e i n f o

Article history:
Received 24 July 2016
Received in revised form
30 September 2016
Accepted 4 October 2016
Available online 13 October 2016

Keywords:
Benzotriazole UV stabilizers
Androgen receptor
Metabolism
Molecular modeling
Mass spectrometry
* This paper has been recommended for acceptanc
* Corresponding author. Institute of Environmenta

mental and Resource Sciences, Zhejiang University, H
** Corresponding author.

E-mail addresses: shulin@zju.edu.cn (S. Zhuang), z

http://dx.doi.org/10.1016/j.envpol.2016.10.011
0269-7491/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Benzotriazole ultraviolet stabilizers (BUVSs) are prominent chemicals widely used in industrial and
consumer products to protect against ultraviolet radiation. They are becoming contaminants of emerging
concern since their residues are frequently detected in multiple environmental matrices and their
toxicological implications are increasingly reported. We herein investigated the antiandrogenic activities
of eight BUVSs prior to and after human CYP3A4-mediated metabolic activation/deactivation by the two-
hybrid recombinant human androgen receptor yeast bioassay and the in vitro metabolism assay. More
potent antiandrogenic activity was observed for the metabolized UV-328 in comparison with UV-328 at
0.25 mM ((40.73 ± 4.90)% vs. (17.12 ± 3.00)%), showing a significant metabolic activation. In contrast, the
metabolized UV-P at 0.25 mM resulted in a decreased antiandrogenic activity rate from (16.08 ± 0.95)% to
(6.91 ± 2.64)%, indicating a metabolic deactivation. Three mono-hydroxylated (OH) and three di-OH
metabolites of UV-328 were identified by ultra-performance liquid chromatography quadrupole time
of flight mass spectrometry (UPLC-Q-TOF-MS/MS), which were not reported previously. We further
surmised that the hydroxylation of UV-328 occurs mainly at the alicyclic hydrocarbon atoms based on
the in silico prediction of the lowest activation energies of hydrogen abstraction from C-H bond. Our
results for the first time relate antiandrogenic activity to human CYP3A4 enzyme-mediated hydroxylated
metabolites of BUVSs. The biotransformation through hydroxylation should be fully considered during
the health risk assessment of structurally similar analogs of BUVSs and other emerging contaminants.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Benzotriazole ultraviolet stabilizers (BUVSs) are one prominent
group of (2-hydroxyphenyl) benzotriazole derivatives used to
protect against ultraviolet radiation from sunlight (Table 1). They
have been widely used as UV light stabilizers, anticorrosive and
antifogging agents incorporated in multiple industrial materials,
coated textiles and daily commodities (Ruan et al., 2012; LeFevre
et al., 2015). BUVSs are listed in the High Production Volume
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(HPV) Challenge Program by the U.S. EPA and the OECD (Ruan et al.,
2012). Due to the high volume production and widespread usage,
the residues of BUVSs have been detected in indoor air dust (Wang
et al., 2013), river sediment (Nakata et al., 2009; Kameda et al.,
2011; Wick et al., 2016), wastewater (Liu et al., 2012, 2014), sea
food (Kim et al., 2011), human breast milk (Kameda et al., 2011),
human adipose tissue (Wang et al., 2015) and human urine
(Asimakopoulos et al., 2013a,b). The exposure to BUVSs has raised
increasing public concern, however, research needed to determine
the potential risk on human and ecosystems falls behind the pro-
duction and wide usages of BUVSs already in place. BUVSs have a
relatively low acute toxicity to aquatic organisms (Seeland et al.,
2012) and no estrogenic activities in yeast two-hybrid assay
(Kawamura et al., 2003; Morohoshi et al., 2005; Miller et al., 2001).
However, BUVSs exerted estrogenic potential in marine medaka at
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Table 1
Structures of the tested benzotriazole UV stabilizers (BUVSs).

Compound CAS No. Structure

UV-P 2240-22-4

1H-BT 95-14-7

UV-234 70321-86-7

UV-326 3896-11-5

UV-327 3864-99-1

UV-328 25973-55-1

UV-329 3147-75-9

UV-350 36437-37-3
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environmentally relevant concentrations (~0.01 mg/L) (He et al.,
2012) and 1H-benzotriazole (1HBT) was shown to have anti-
estrogenic properties (Harris et al., 2007). UV-P and 1HBT exerted
antagonistic activity toward androgen receptor (AR) (Fent et al.,
2014; Nagayoshi et al., 2015). UV-P, UV-9, UV-326 and UV-090
were reported to have activities toward aryl hydrocarbon recep-
tor (AhR) and UV-P and UV-326 were involved in the AhR pathway
in zebrafish embryos (Fent et al., 2014).

These reported studies on the biological effects of BUVSs did not
address whether such effects can be affected by their trans-
formation. BUVSs are known to be transformed in the environment
or biota. Three BUVSs (1H-BT, 4-CH3-BT and 5-CH3-BT) were
reportedly degraded by microorganisms in activated and digested
sludge under both aerobic and anaerobic conditions (Huntscha
et al., 2014; Liu et al., 2011). 1HBT and 2-mercaptobenzothiazole
(MBT) were recently shown to be rapidly phytotransformed by an
Arabidopsis plant into metabolites structurally resembling auxin
and tryptophan plant hormones, or glucose and amino conjugated
MTB metabolites (LeFevre et al., 2015, 2016). The toxicological
significance of these transformation products is not exactly known,
but several transformation products were reported to have
increased toxicities after the metabolic activation by the xenobiotic
metabolizing enzymes. For example, bisphenol Awas metabolically
activated for its estrogenicity by rat liver S9 (Yoshihara et al., 2001),
and the metabolism of polybrominated diphenyl ethers (PBDE) by
CYP450 resulted in hydroxylated products with an increased thy-
roid hormone disrupting potency (Li et al., 2010; Zhang et al., 2015).
A recent study revealed that human CYP1A1 enzyme also deacti-
vated certain BUVSs (UV-P, UV-9 and UV-090) toward AhR
(Nagayoshi et al., 2015; LeFevre et al., 2016). Despite this important
finding, very limited work has been performed to date to study the
biotransformation of BUVSs (including the identification of the
potential metabolites) and elucidate whether the antiandrogenic
activities of these BUVSs could be activated via biotransformation.

In the present study, we evaluated human CYP3A4-mediated
metabolic activation/deactivation of UV-P, 1HBT, UV-234, UV-326,
UV-327, UV-328, UV-329 and UV-350 (Table 1) and identified
several prominent metabolites capable of higher antiandrogenic
activities. The metabolic activation of BUVSs was screened by using
an in vitro metabolism bioassay. The hydroxylated metabolites
were identified by ultra-performance liquid chromatography
coupled with quadrupole time of flight mass spectrometry (UPLC-
Q-TOF-MS/MS). Sites of metabolism (SoM) were predicted by the
evaluation of reactivity of hydrogen abstraction from C-H bond. To
the best of our knowledge, this is the first report on the metabolic
activation/deactivation of BUVSs. Results on the metabolic activa-
tion/deactivation should be fully incorporated into the risk
assessment of these emerging contaminants.

2. Material and methods

2.1. Materials

Dihydrotestosterone (DHT, 99%, CAS No. 521-18-6) and dime-
thylsulfoxide (DMSO, 99.5%) were purchased from Sigma Chemical
Company (St. Louis, MO, USA). 2-(Benzotriazol-2-yl)-4-
methylphenol (UV-P, 98%, CAS No. 2440-22-4) and 2-(20-hydroxy-
30,50-di-tert-amylphenyl) benzotriazole (UV-328, 99%, CAS No.
25973-55-1) were purchased from J&K Chemical Ltd. (Shanghai,
China). SD/-Leu/-Trp mediumwas obtained fromMobitec Company
(Catalogue: 4823-6). Human liver microsome pooled donors (HLM,
20 mg/mL, Catalogue: 452161), P450-Glo™ CYP3A4 assay (Cata-
logue: v9001, Shanghai Promega Biological Products, Ltd., China),
human cytochrome 3A4 (Catalogue: 456202) and NADPH system
(Solution A, Catalogue 451220; Solution B, Catalogue 451200) were
all purchased from BD Biosciences Company (Shanghai, China).
Other chemicals were of analytical grade. All test chemicals were
dissolved in DMSO (v/v < 0.1%) and the corresponding stock solu-
tions were prepared with Milli-Q water (18.2 MU, Millipore, Bed-
ford, MA).

2.2. Two-hybrid recombinant yeast bioassay

The disrupting activities of BUVSs towards AR were determined
by the two-hybrid recombinant yeast bioassay using the yeast
strain Y187. The yeast Saccharomyces cerevisiae was stably trans-
fected with pGBT9 AR plasmids coding human AR ligand-binding
domain (LBD) and LacZ reporter gene encoding the enzyme b-
galactosidase (Li et al., 2008; Ma et al., 2005). pGBT9 AR plasmid
was provided by Dr. Erik Jan Dubbink (Erasmus University, Holland)
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and the two-hybrid recombinant yeast strain was provided by Prof.
Zijian Wang (Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, Beijing, China). The yeast strain was
preincubated at 30 �C and grew on the SD/-Leu/-Trp medium
overnight. 5 mL of test chemicals and 995 mL medium containing
5 � 103 yeast cells/mL were mixed to make a test culture. The
culture was preincubated at 30 �C for 2 h and was then treated
following reported protocols (Ma et al., 2005). The enzyme reaction
was initiated by adding o-nitrophenyl-b-D-galactopyranoside to the
yeast cell lysates and was terminated after 60 min by adding 100 mL
sodium carbonate (1 M). The absorbance at 420 nm was then
measured by Infinite 200 PRO NanoQuant Multimode Microplate
Reader (Tecan Group Ltd., Switzerland) and the b-galactosidase
activity of tested chemicals was then calculated.

2.3. Metabolic incubation

The metabolism of BUVSs by HLM or CYP3A4 enzyme was
conducted in Eppendorf tubes following established protocols (Lu
et al., 2013). 10 mL BUVSs, 50 mL solution A and 10 mL solution B
was mixed with 90 mL pooled HLM (0.9 mg/mL) or human CYP3A4
enzyme (0.1 pmol) as well as potassium phosphate buffer (110 mM,
pH 7.4). The mixture with a total volume of 1 mL was incubated at
37 �C for 150 min. Reactions were terminated with 1 mL of ice-cold
methanol and the incubation mixturewas immediately centrifuged
with a speed of 10,000 rcf for 15 min at 4 �C. The supernatant was
collected in 1.5 mL Eppendorf tube and stored at �20 �C for further
two-hybrid recombinant yeast bioassay. The incubation system
without HLM or CYP3A4 was used as the negative control. All in-
cubation experiments were performed in triplicate.

2.4. In silico prediction of the site of metabolism

Due to the lack of commercially available standards of potential
metabolites, the site of metabolism (SoM) of BUVSs was predicted
by SMARTCyp V2.4.2, the established cytochrome P450-mediated
metabolism prediction server using the reactivity model (Rydberg
et al., 2010). The SoM prediction from SMARTCyp was further
validated by the evaluation of the activation energy of hydrogen
abstraction.

We used density functional theory (DFT) method to investigate
hydrogen abstraction by Compound I (Cpd I) in cytochrome P450.
The Cpd I was represented by the model six-coordinate tri-radi-
caloid oxo-ferryl complex Fe4þO2-(C20N4H12)-1(SH)-1(Olsen
et al., 2006). The initial geometry optimizations of BUVSs, Cpd I
and their transition state (TS) and relevant frequency calculations
were performed using the unrestricted hybrid UB3LYP method. The
Fe atom was treated with double-z LanL2DZ (Fe) basis set and the
other atoms with 6-31G** basis set. The single point energies were
calculated at the UB3LYP/6-311þþG** level. The solvent effect of
water was evaluated using the integral equation formalism polar-
izable continuum model (IEF-PCM). The zero-point vibrational
energy was included during the calculation of activation energy.
Gaussian 09 program was used for all calculations.

2.5. UPLC-Q-TOF-MS/MS analysis

A 1-mL mixture containing 0.3 mM UV-328, 90 mL HLM (final
concentration: 0.12 mg/mL) and 60 mL NADPH was incubated at
37 �C for 2 h. A 10 mL resultant supernatant of the incubation
mixture was analyzed by electrospray ionization-Q-TOF-MS/MS
method using TripleTOF 5600þsystem (AB SCIEX, Framingham,
USA) coupled with Waters ultra-performance liquid chromatog-
raphy (UPLC) (Waters Corp., Milford, MA, USA). The liquid super-
natant was injected to UPLC and analytes were separated by ZorBax
SB-C18 reverse phase column (2.1 mm � 100 mm, 3.5 mm, Agilent)
with a flow rate of 0.5 mL/min. Mobile phases A and B were 0.1%
formaldehyde (FA) in water and 0.1% FA in acetonitrile. The initial
gradient of 30% B was used, followed by a gradient toward 100% B
within 30 min, then 100% B for 35 min. The IDA-based auto-MS2
was performed on the 8 most intense metabolite ions in a cycle of
full scan (0.94 s). The scanning range for ESI-Q-TOF-MS was set at
100e1500m/z. The positive ion modewas set with a source voltage
of þ5.5 kV and the source temperature of 600 �C. The pressure of
Gas 1 (Air) and Gas 2 (Air) were set to 50 psi, and the pressure of
Curtain Gas (N2) was set to 30 psi. The detection wavelength was
set at 254 nm with the maximum allowed error of ±5 ppm. The
collision energy was set at 40 V with a collision energy spread of
±20 V. The Automated Calibration Delivery Systemwas applied for
the exact mass calibration. The relevant fragmentation pathways
were predicted by MetabolitePilot™ version 1.5 (AB SCIEX, Fra-
mingham, USA) based on the high-resolution molecular masses.
The full-scan mass spectral data were processed and the extracted
ion chromatograms (EICs) were calculated based on the predicted
metabolite ions.

2.6. Statistical analysis

The dose-response curve obtained from the two-hybrid re-
combinant yeast bioassay was fitted employing Levenberg-
Marquardt algorithm by IBM SPSS Statistics 20. The obtained
values were given as mean ± standard deviation (SD). The cut-off p-
value below 0.05 (p < 0.05) was considered as a significant
difference.

3. Results

3.1. Antagonistic effect of BUVSs before human CYP3A4-mediated
metabolism

Besides the disrupting effect of some BUVSs toward AhR, the
androgenic disrupting effect of BUVSs has been the subject of
several recent studies (Harris et al., 2007; Fent et al., 2014; Chen
et al., 2016). In this work, the antagonistic activity of eight BUVSs
(Table 1) was rapidly evaluated using the established two-hybrid
recombinant human AR gene yeast bioassay (Fent et al., 2014; Li
et al., 2011). The b-galactosidase activity of an endogenous AR
agonist, dihydrotestosterone (DHT) was measured first and the
standard dose-response curve of DHT was obtained with the
maximum activity at 5 � 10�2 mM (Fig. S1). The IC50 was deter-
mined to be 5 � 10�3 mM, in line with reported studies (Fent et al.,
2014; Li et al., 2011). The b-galactosidase activity of 8 BUVSs was
measured by co-incubation of the yeast strain with 2 � 10�2 mM
DHT. All BUVSs were diluted to the concentration of 5.0 � 10�5 ~
50 mM for UV-P, 1HBT, UV-326, UV-327, UV-329, UV-350 and
5 � 10�4 ~ 50 mM for UV-234 and UV-328. No toxicity to yeast cells
was induced within this concentration range. The concentrations of
BUVSs have been reported to be varies from ng/L to sub-ug/L in
water and ug/g in aquatic organisms (Buser et al., 2006; Kameda
et al., 2011; Tsui et al., 2014). The dose level in our experiments is
within or very close to the reported environmental exposure levels
and is therefore environmentally relevant. As shown in Fig. S2 (A),
these BUVs did not induce the b-galactosidase activity in compar-
ison with the solvent control, indicating that they are not agonists
of human AR. The antagonistic activity of BUVSs was represented
as the percentage of b-galactosidase activity in the presence of
BUVSs to the activity observed at 5 � 10�2 mM DHT (Fig. S2). UV-P
exhibited potent antagonistic activity with IC20 of 0.365 mM. 1HBT,
UV-234, UV-326, UV-327, UV-328, UV-329 and UV-350 had no
significant antiandrogenic activity at concentrations ranging from
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5 � 10�5 mM to 5 mM; however, they showed weak antagonistic
toxicity at a higher concentration (50 mM). Fent et al. have inves-
tigated the hormonal activity of UV-320, UV-326, UV-327, UV-328,
UV-329, UV-P and 1HBT and their effects on zebrafish (Fent et al.,
2014). They found no androgenic activity for these BUVSs at con-
centrations ranging from 10�7 to 1 g/L. However, UV-P and 1HBT
exhibited the antagonistic activity at concentration higher than
1 mM and 100 mM, respectively (Fent et al., 2014). Minor structural
differences among BUVSs may induce different antagonistic activ-
ities toward human AR.

3.2. Antiandrogenic effect of BUVSs after metabolism

A recent study revealed that certain BUVSs such as UV-P, UV-9,
UV-326, and UV-090 have the AhR ligand activities and these ac-
tivities remained unchanged in the presence of CYP1A1 (Nagayoshi
et al., 2015). CYP3A4 is the predominant isoform among CYP450
family in liver and is also responsible for the metabolism of a large
variety of exogenous and endogenous substrates. Thus, the meta-
bolism of BUVSs by human CYP3A4 and its effects on androgenic
effect of BUVSs is of significance. We investigated the effect of
in vitro metabolism of eight BUVSs on their antiandrogenic activ-
ities (Fig. 1). Eight BUVSs were incubated for 2.5 h and the anti-
androgenic effects of the incubation supernatant were tested using
the two-hybrid recombinant human AR gene yeast bioassay. Since
the test BUVSs showed no significant antiandrogenic effect at
concentrations ranging from 5 � 10�5 mM to 1 mM (Fig. S2), three
concentrations, 0.0025 mM, 0.025 mM, 0.25 mMwas used to compare
antiandrogenic effect before and after metabolism. The final con-
centration of UV-P and UV-328 with or without incubation with
HLM was set the same.

As shown in Fig. 1, the metabolized products from both UV-P
and UV-328 significantly altered the antagonistic activity. After
CYP3A4-mediated metabolism, the inhibitory rate of UV-P at
0.25 mM was reduced from (16.08 ± 0.95)% to (6.91 ± 2.64)%,
indicating a metabolic deactivation of UV-P. The inhibitory rate of
UV-328 at 0.25 mM was increased from (17.12 ± 3.00)% to
(40.73 ± 4.90)%, showing a significant metabolic activation. There
are no significant differences (p > 0.05) in antiandrogenic activity
before and after metabolism for six other BUVSs. We further eval-
uated the androgenic effect of UV-328 and UV-P after HLM-
mediated metabolism (Fig. S3). At 0.25 mM, UV-328 after HLM-
mediated metabolism showed a significant antiandrogenic activ-
ity in comparison with UV-328 before the metabolism. The inhib-
itory rate of UV-328 metabolites enhanced markedly from
(27.95 ± 6.34)% to (43.28 ± 1.50)%. The inhibitory rate of UV-P
metabolites was reduced from (24.23 ± 0.31)% to (17.93 ± 2.44)%.
Bothe the human CYP3A4 and HLM-mediated metabolism consis-
tently validated the metabolic activation/deactivation for UV-328
and UV-P.

3.3. UPLC-Q-TOF-MS/MS analysis of UV-328 metabolites

Among eight BUVSs, only UV-328 showed an enhanced anti-
androgenic effect after the metabolism. It is thus necessary to
identify the potential metabolites of UV-328. The supernatant of
incubation mixture of UV-328 was analyzed by UPLC-Q-TOF-MS/
MS. The relevant fragmentation pathways were predicted by
MetabolitePilot™ version 1.5 (AB SCIEX, Framingham, USA) based
on the high-resolution molecular masses (Table 2, Table S1). The %
score of fragment ions indicates the possibility of a parent com-
pound or its specific metabolite being present according to the
accurate molecular mass. The metabolites with % score higher than
75% are all listed. The % signal area denotes the ratio of the molar
mass of the detected compound to the total molar mass of UV-328.
Four types of metabolism can be proposed, including hydroxyl-
ation, desaturation, demethylation and ketone formation and their
% areas of the metabolites corresponding to these four pathways
are 31.2%, 6.9%, 12.6%, and 13.8%, respectively. The hydroxylation is
presumably the dominant metabolism pattern. UV-328 has a %
score of 90.4% and all the hydroxylated metabolites have % score
above 83%, showing the high possibility of the predicted metabo-
lites being present. Themass spectrum revealed parent UV-328 and
six hydroxylated metabolites (M5, M6, M11, M20, M21 and M24)
(Fig. 2A, Fig. S4A). Compared with the m/z of UV-328 (352.239), the
metabolites M20, M21 and M24 have an additional mass of 16 Da,
indicating that these three metabolites are mono-OH metabolites
(Table 2). The m/z of M5, M6 and M11 is 32 Da higher than that of
UV-328, suggesting di-OH metabolites (Table 2, Table S2). We also
carried out a parallel metabolism study on UV-328 by adding
CYP3A4 inhibitor ketoconazole to HLM. The enzymatic activity of
CYP3A4was significantly inhibited by ketoconazole, causing almost
no metabolism of parent UV-328 (Fig. 2B, Fig. S4B). Compared with
Fig. 2A, almost all the mono-OHmetabolites and di-OHmetabolites
were disappeared, indicating the predominant role of human
CYP3A4 in the metabolism of UV-328.

3.4. Assignment of site of metabolism

Fig. 2A shows a typical UPLC chromatogram of UV-328 and its
major metabolites. M20 has the largest peak area among all
detected metabolites, suggesting that M20 is the dominant hy-
droxylated metabolite. To investigate the structural feature of hy-
droxylated metabolites of UV-328, we predicted the potential SoM
on the basis of CYP-mediated oxidation using the combination of
SMARTCyp and DFT calculation. SMARTCyp is the established cy-
tochrome P450-mediated metabolism prediction server for the
prediction of the SoM using a reactivity model (Rydberg et al.,
2010). The CYP3A4-mediated oxidation occurred potentially at
the benzene ring or at the alicyclic hydrocarbon of UV-328 (Fig. S5).
The carbon atoms, C2, C16 and C22 have relatively low activation
energies (75.9 kJ/mol, 75.9 kJ/mol, and 86.3 kJ/mol, respectively)
that are required for Cpd I to react at individual carbon atoms. C2,
C16 and C22 have the score of 67.74, 67.78, and 76.96, respectively.
The lower score suggests a higher probability for individual carbon
atoms to be the SoM. These three carbon atoms rank as the top
three positions for CYP3A4-mediated hydroxylation reaction. The
top-two ranked SoMs from SMARTCyp were reported to predict
~80% of the experimental SoMs (Rydberg et al., 2010). We further
evaluated the activation energy of hydrogen abstraction from C-H
bond of C2, C16 and C22 by Cpd I using DFT. During the process of
CYP450-mediated hydroxylation reaction, the hydrogen abstrac-
tion from CHmoiety by iron-bound oxygen atom of Cpd I is the first
step followed by the formation of the FeIVeOH intermediate by the
radical reaction (Olsen et al., 2006). The calculated activation en-
ergy barrier for C2, C16 and C22 is 75.52 kJ/mol, 61.88 kJ/mol and
81.75 kJ/mol, respectively. The lower activation energy barrier
means that the hydrogen free radical is easier to be abstracted by
Cpd I, indicating a higher probability of SoM. The activation en-
ergies of C2 and C22 are very close to the estimated energies from
SMARTCyp.

Based on the metabolites identified by UPLC-Q-TOF-MS/MS and
the SoM by the in silico prediction, three mono-OH and three di-OH
metabolites are proposed (Figs. 3 and 4). The mono-OHmetabolites
have three hydroxylation sites occurred at C2, C16 and C22. C16 has
the lowest activation energy and the corresponding mono-OH
metabolite may be dominant, thus M20 was suggested to be the
metabolite following the hydroxylation at C16. The di-OH metab-
olitesmay also have three possible hydroxylation patterns occurred
at C2 and C16, C2 and C22, or C16 and C22.



Fig. 1. Antiandrogenic activity was presented as percentage response, compared with the activity observed with 5 � 10�8 M dihydrotestosterone (DHT). * indicates p < 0.05 and
means the significant difference between the androgenic activities before and after metabolism. All data were corrected with the appropriate blanks. Error bars stand for the
standard deviation of each measurement.



Table 2
Human liver microsome-mediated hydroxylated metabolites of UV-328.

Reaction Peak ID Formula m/z R.T. (min) Peak area % Area % Score

UV-328 C22H29N3O 352.2387 29.66 6.43eþ05 6.6 90.4
Oxidation M20 C22H29N3O2 368.2341 19.31 1.39eþ06 14.1 93.4

M24 C22H29N3O2 368.2341 21.19 3.85eþ05 3.9 89.3
M21 C22H29N3O2 368.2338 19.86 1.17eþ05 1.2 86.6

Di-Oxidation M5 C22H29N3O3 384.2286 9.41 8.47eþ04 0.9 85.6
M6 C22H29N3O3 384.2287 10.24 4.13eþ05 4.2 85.8
M11 C22H29N3O3 384.2284 10.45 6.72eþ05 6.9 83.7

Fig. 2. Extracted ion chromatograms (EICs) of HLM-mediated metabolites of UV-328 (A) and the metabolites mediated by the incubation of HLM with CYP3A4 inhibitor keto-
conazole (B).
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4. Discussion

BUVSs are known to be metabolized by human CYP1A1
(Nagayoshi et al., 2015), however, whether human CYP3A4, the
predominant enzyme among CYP450 family, can mediate the
metabolism of BUVSs still remains unknown. Although UV-328 is
generally considered persistent in the environment, our study
revealed that it can bemetabolized by human CYP3A4 intomultiple
products, among which, the mono-OH and di-OH metabolites are
dominant. 1HBT was also reported to be degraded into major hy-
droxylated products such as 4-OH and 5-OH e 1HBT in an activated
sludge system (Huntscha et al., 2014). Compared with the retention
time at ~29.7 min for UV-328, the markedly shorter retention times
of mono-OH metabolites and di-OH metabolites (19.31 min for
M20, 21.19 min for M24, 19.86 min for M21, 9.54 min for M5,
10.24 min for M6, and 10.45 min for M11, Fig. 2) indicate the for-
mation of less hydrophobic mono-OH or di-OH metabolites sepa-
rated by ZorBax SB-C18 based reverse phase column.

Our study for the first time provided evidence on human
CYP3A4-mediated metabolic activation of UV-328 and metabolic
deactivation of UV-P toward human AR, suggesting the critical role
of human CYP3A4-mediated biotransformation. BUVSs do not have
any or a very weak AR disrupting effect at the low dose, but their
potential toxicities after biotransformation could become alarming.
UV-328 is one of the dominant BUVSs in fish, human urine, and
breast milk (Kim et al., 2011; Lee et al., 2015; Naccarato et al., 2014).
Its enhanced antiandrogenic activity after metabolism may
potentially cause further adverse effects on sex differentiation in
animal systems. Several sexual phenotypes have been reported to
be caused by the exposure to androgenic disrupting chemicals
(Gray et al., 1994). Therefore, future risk assessment of BUVSs as
emerging contaminants should take full account of biotransfor-
mation products to assess their undesirable biological effects.

Our novel approach of the combined use of UPLC-Q-TOF-MS/MS
for accurate molecular mass of metabolites and in silico prediction
provides further insight into the metabolic activation of UV-328.
Since the overall inhibition rate is as high as 40.7% for UV-328 at
its initial concentration of 0.25 mM, it will also be interesting to
determine which specific OH-UV-328 attributes to the observed
metabolic activation. Further determination of their direct anti-
androgenic effects requires the standards of OH-UV-328, which are
not yet commercially available. Regardless, considering the multi-
ple possible metabolites of UV-328 and their % areas, it becomes
clear that the concentration of these metabolites likely approaches
the environmentally relevant concentrations of approximately
0.01 mg/L. The enhanced toxicity observed in this study may result



Fig. 3. The mass spectrum and structure of UV-328 and the proposed mono-OH metabolites, M20, M21 and M24.
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from individual mono-OH/di-OH UV-328 metabolites or partly
from the mixture toxicity effect. The role of aromatic hydroxylation
in contributing to the enhanced toxicity has been documented for
several structurally dissimilar groups of environmental contami-
nants. The molecular features susceptible to metabolic hydroxyl-
ation should be differentiated to cautiously prioritize the potential
of BUVSs as emerging contaminants.

Our study further filled the knowledge gap that among eight
tested BUVSs, only UV-328 and UV-P showed the significantly
altered toxicity upon CYP3A4 mediated-metabolism. While the
metabolites of UV-328 by human CYP3A significantly enhanced
the antiandrogenic activity toward human AR, UV-P reduced the
inhibition rate. An important environmental implication from this
study is the fact that some, perhaps not all BUVSs may introduce
secondary contaminants with an undesired exposure risk. Further
research is warranted to decipher how the minute difference in
structural moieties of BUVSs determines such a subtle difference in
their biological activities.



Fig. 4. The mass spectrum and proposed structures of di-OH metabolites of M5, M6 and M11.
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